ABSTRACT Electron-impact total ionization cross sections of some silicon and germanium compounds have been calculated by applying a new theoretical model that has been found to be reliable for a wide range of molecules. The new theory, the binary-encounter-Bethe (BEB) model, combines the binary-encounter theory and the Bethe theory for electron-impact ionization, and uses simple theoretical molecular orbital data-binding energies, average kinetic energies, and occupation numbers-which are readily available from molecular structure codes. Total ionization cross sections of SiH, SiH 2 , SiH 3 , SiH 4 , Si 2 H 6 , Si(CH 3 ) 4 , GeH, GeH 2 , GeH 3 , GeH 4 , and Ge 2 H 6 are presented for incident electron energies T from threshold to 1 keV, and compared to available experimental data. Theory and experiment agree well for SiH x , x=1-4, from thresholds to T<80 eV, while theoretical peaks occur at lower T than experimental peaks for SiH x , x=1-3. No experimental data are available for germanium hydrides for comparison. The theoretical cross sections are given by a compact analytic form suitable for applications in plasma processing.
I. INTRODUCTION
It has been shown in previous publications that the new theoretical method, the binary-encounter-Bethe ͑BEB͒ model, [1] [2] [3] produces reliable electron-impact total ionization cross sections for stable molecules and radicals using as inputs simple molecular orbital data for the ground state, all of which can be obtained by using standard molecular wave function codes. There are no adjustable or fitted parameters in the theory.
The BEB model, however, does not provide details such as resonances in the continuum, vibration and/or rotational excitations concomitant with ionization, multiple ionization, and dissociative ionization. The total ionization cross section in this method is the sum of ionization cross sections for ejecting one electron from each of the occupied molecular orbitals in the ground state. The BEB cross sections were found to reproduce reliable experimental data within 5%-15% on a large variety of molecules from the first ionization threshold to several keV in incident electron energies. In principle, this method can be used to calculate the total ionization cross section from any state of a molecule, provided that the state is predominantly a single configuration in character and required molecular orbital quantities are obtainable from molecular structure codes.
In the present paper, we apply the BEB model to 11 molecules of great current interest in the modeling of chemical vapor deposition ͑CVD͒ and plasma enhanced chemical vapor deposition ͑PECVD͒ of semiconductors: [4] [5] [6] [7] SiH, SiH 2 , SiH 3 , SiH 4 , Si 2 H 6 , Si͑CH 3 ͒ 4 , GeH, GeH 2 , GeH 3 , GeH 4 , and Ge 2 H 6 . Silane (SiH 4 ) is widely used for plasma assisted deposition of silicon and amorphous silicon-hydride ͑a:SiH͒ films. 8 Silane has also been detected on Saturn and on several other planets and satellites. As was the case for 28 molecules reported earlier, [1] [2] [3] the BEB model provides cross sections in good agreement with available experimental data and sometimes enables one to discriminate between conflicting data for the same molecule. To the best of our knowledge, the total ionization cross sections for GeH x , xϭ1 -4, and Ge 2 H 6 presented here are the first of its kind in the literature.
The main advantages of the BEB model are threefold. First, the model is valid for the entire energy range from threshold to several keV. Second, it provides compact analytic expressions for the total ionization cross section with constants characterizing occupied molecular orbitals. Third, the theory is applicable to a large variety of stable molecules and radicals as long as the ground state wave function can be calculated. The wave function need not be of very high quality.
We outline briefly the underlying theory in Sec. II, present the total ionization cross sections of individual molecules in Sec. III, and the conclusion in Sec. IV.
II. OUTLINE OF THE THEORY
The BEB model is a simpler version of the binaryencounter-dipole ͑BED͒ model for electron-impact ioniza- tion cross sections for atoms and molecules. The BED model combines the binary-encounter theory 9 and the Bethe theory. 10 The combination of the binary-encounter theory and the Bethe theory is achieved by requiring that the asymptotic form at high incident energy T of the former, match that of the latter, both in the ionization cross section and in the stopping cross section. 1 The stopping cross section is used to evaluate the stopping power of the target medium. The BED model provides a formula to calculate the singly differential cross section, or the energy distribution of ejected electrons d/dW, with the ejected electron energy W, for each atomic or molecular orbital. To apply the BED model, one needs for each occupied orbital the electron binding energy B, the average kinetic energy Uϭ͗p 2 /2m͘, where p and m are the bound electron momentum and the electron mass, respectively, the electron occupation number N, and the continuum dipole oscillator strength d f /dW.
The value of the average kinetic energy U for each orbital in the initial state can be obtained from any atomic or molecular wave function code that calculates the total energy in an independent particle model. To calculate d f /dW, however, both the initial-and continuum-state wave functions are needed, thus making the application of the BED model nontrivial. Alternatively, d f /dW can be deduced from experimental photoionization cross sections. Unfortunately, such data are available for only a few stable molecules over a large energy range. Moreover, partial photoionization cross sections are needed to deduce d f /dW for each orbital, and the deduction of orbital photoionization cross sections from the total is problematic 11 In Eq. ͑2͒, the term associated with the first logarithmic function on the right-hand side ͑rhs͒ represents distant collisions ͑large impact parameters͒ dominated by the dipole interaction, and the rest of the terms on the rhs represent close collisions ͑small impact parameters͒ as described by the Mott cross section. 12 The second logarithmic function originates from the interference of the direct and exchange scattering also described by the Mott cross section.
We present the values of B, U, and N for the 11 molecules in this article in Tables I and II . The molecular orbital data were generated for the ground states of the molecules by using the molecular structure code GAMESS. 13 We have omitted deep inner shell orbitals with large binding energies because they contribute little to the total ionization cross section. One can use either theoretical or experimental values of B if they are available from photoionization measurements with unambiguous assignments. However, U is a theoretical quantity that cannot be measured directly, although the sum of all U's is equal to the magnitude of the total energy of the target molecule, according to the virial theorem. Since experimental values of B are often smaller than theoretical B values, which are taken to be equal to the negative of orbital energies using the Koopman theorem, the BEB cross sections obtained using experimental B values are usually higher ͑by 10%-15% at the cross section peak͒ than those obtained using theoretical B values. Using the experimental value for the lowest electron binding energy ͑ϭfirst ionization potential, IP͒ ensures that the cross section starts at the right threshold and also leads to improved agreement of the shape and magnitude of the BEB cross section near the threshold with known experimental cross sections.
For closed-shell molecules, we used the restricted Hartree-Fock ͑RHF͒ method with the Gaussian 6-311G basis set available in the GAMESS code. For open-shell molecules, it was found 1,2 that the unrestricted Hartree-Fock ͑UHF͒ method produced more realistic orbital energies for valence orbitals than the restricted open-shell Hartree-Fock ͑ROHF͒ method. We used the UHF method for open-shell molecules also with the same Gaussian 6-311G͑d͒ basis set. Although the UHF method has the disadvantage of producing a pair of orbital and kinetic energies ͑associated with ␣ and ␤ spins͒, the valence orbital energies from the ROHF method were often unrealistically small compared to experimental IP's, making the corresponding cross section too large. On the other hand, using separate B and U values for molecular orbitals associated with ␣ and ␤ spins from the UHF method, produces BEB cross sections almost identical to those produced by using the average B and U values from matching ␣ and ␤ molecular orbitals. The B and U values presented for open-shell molecules in Tables I and II are  these average values. In practice, the BEB model is insensitive to minor variations in the values of B and U used, except for the lowest B. Thus the use of extended basis sets other than 6-311G͑d͒, leading to slightly altered B and U values, would not change the BEB cross section significantly. However, the BEB cross section is sensitive to the lowest B and U, as the contribution to ionization cross section from the outermost occupied molecular orbital is substantial, if not dominant. For this reason, we used the experimental first IP's for the lowest B, which are available for many molecules, 14 and theoretical values for the remaining orbitals.
III. APPLICATION TO MOLECULES
In this section, we compare the BEB cross sections to the experimental values of 11 molecules. As far as we are aware, no experimental cross sections are available for GeH, GeH 2 , GeH 3 , GeH 4 , and Ge 2 H 6 . Most experiments measured the ''gross'' ionization cross section, i.e., the total ion current rather than the number of ions. On the other hand, BEB cross sections are ''counting'' ionization cross sections, which account for the number of singly charged ions produced. When a significant fraction of the ions produced are multiply charged, the gross ionization cross section will accordingly be larger than the corresponding counting ionization cross section at high T. Thus BEB cross sections provide lower limits to experimental gross ionization cross sections. In mass spectrometric experiments, the goal is to collect both parent molecular ions as well as all fragments at different T. However, since the BEB cross sections are simple sums of cross sections for ionizing one electron from each of the occupied molecular orbitals, the theory cannot provide relative cross sections for the production of different molecular fragments and ions. The separation of BEB cross sections into partial ionization cross sections for different molecular fragments and ions is not straightforward, as the crossing of different potential energy surfaces corresponding to diverse dissociative ionization and fragmentation channels must be taken into account. For instance, the BEB model cannot predict the paucity of SiH 4 ϩ in the ionization of SiH 4 due to the preionization into SiH 2 ϩ observed by Berkowitz et al. 15 For simplicity, we compare our theoretical cross sections to the simple sum of all experimental partial cross sections that produce an ion. Nevertheless, the comparison presented here will clearly demonstrate wide applicability of our theory and suggest that the theoretical cross sections for the other molecules not yet measured should be reliable.
A. Silylidyne (SiH), Silylene (SiH 2 ), and Silyl (SiH 3 )
For SiH and SiH 3 , we used the UHF method with the 6-311G(d) basis set and we found that SiH 3 has the doublet C 3v ground state. For SiH 2 , the singlet C 2v structure is the ground state using the same basis set. The only experimental data for these molecules are by Tarnovsky et 3 , and hence the sum of these partial cross sections should be a lower limit to the total ionization cross section. Experimental data for these molecules are compared to BEB cross sections in Figs. 1-3 . Experimentally, the parent ionization cross section for all three targets SiD x (xϭ1 -3), i.e., the production of SiD x ϩ , has essentially the same maximum value at 70 eV, and the parent ionization is the dominant process.
In a molecule with a heavy atom, the valence molecular orbitals are often dominated by an atomic valence orbital. In such a case, the U value of the valence orbital tends to be high due to the radial nodes, and a high U value leads to an unusually small orbital cross section. When this happens, we found it necessary to reduce the U value by dividing it by the principal quantum number of the dominant atomic orbital. Since the valence molecular orbitals for the molecules in this article are the silicon 3 p orbital or the germanium 4p orbital, we divided the appropriate U values by the respective principal quantum numbers when the Mulliken population analysis indicated that the valence molecular orbitals were dominated by atomic orbitals (Ͼ90% the U value by a factor of 3 in SiH and that for GeH by a factor of 4. The BEB cross sections calculated using the reduced U values are denoted by BEB(U/3) or BEB(U/4), depending on the principal quantum number of the dominant atomic orbital. This increases the calculated cross section by 10%-15%.
For germanium hydrides, some inner molecular orbitals are basically nϭ3 atomic orbitals of Ge. The U values of such molecular orbitals were also divided by the principal quantum number, as indicated in Table II . This reduction increases the cross sections from inner orbitals, which in turn increases the total cross section for T beyond the cross section peak by a few percent.
͑a͒ For SiH, the BEB(U/3) cross section agrees well with the experimental results for TϽ50 eV ͑Fig. 1͒. For T Ͼ50 eV, however, the experimental values are 25%-30% higher than the theory, reaching a maximum between 70 and 80 eV, while the BEB cross section reaches a somewhat lower maximum between 50 and 55 eV. ͑b͒ For SiH 2 , again the BEB cross section agrees well with the experimental result for TϽ50 eV ͑Fig. 2͒. Similar to the case of SiH, the experimental ionization cross section reaches a maximum between 70 and 80 eV, while the experimental values are 25%-30% larger than the theory for TϾ60 eV. The BEB cross section has a maximum between 60 and 65 eV. ͑c͒ For SiH 3 , again the experimental ionization cross section has a maximum between 70 and 80 eV, while the BEB cross section reaches a maximum between 55 and 60 eV ͑Fig. 3͒.
The experimental data by Tarnovsky et al. 16 for SiH and SiH 3 show large fluctuations of the order of 20%-25% above Tϭ50 eV in the cross sections for the production of the parent molecular ions ͑SiH ϩ and SiH 3 ϩ ͒, which dominate the total ionization cross section. The overall experimental accuracy claimed is Ϯ15%, which is indicated in Figs. 1-3 . The discrepancy between theory and experiment at high T may have resulted from high-T events that have not been accounted for in the theory, such as multiple ionization.
B. Silane (SiH 4 ) and Disilane (Si 2 H 6 )
The experimental data for silane and disilane by Chatham et al. 17 from threshold to 300 eV, and Krishnakumar and Srivastava 18 from threshold to 1000 eV, are compared to BEB cross sections in Figs. 4 and 5. For SiH 4 , recent experimental data by Basner et al. 19 agree well with the data by Chatham et al., and also with the BEB cross section calculated using the adiabatic IP of 11.65 eV, while the data by Krishnakumar and Srivastava are significantly lower than the theory at TϾ30 eV. We found earlier 3 that when the adiabatic and vertical IP's are different by more than 1 eV, as is the case for CH 4 and NH 3 , using the vertical IP for the lowest binding energy led to a much better agreement between the BEB cross section and experiment near the threshold. However, in the case of SiH 4 , the BEB cross section with the vertical IP of 12.7 eV deduced from the photoionization spectrum, 20 is significantly smaller than all experimental data near the threshold. The BEB cross section with the vertical IP is marked ''BEB, vert.'' in Fig. 4 . We should wait until we have more examples before rendering any conclusion about the merit of using adiabatic versus vertical IP's.
For Si 2 H 6 , the experimental results of Chatham et al. 17 and Krishnakumar and Srivastava 18 differ markedly in the peak region ͑Fig. 5͒. The Chatham results resemble in general the shape of the BEB cross section but are higher in magnitude. However, if we reduce the Chatham data by a factor of 0.78, then the renormalized Chatham data agree well with BEB cross section in magnitude over the entire range of T. The data by Krishnakumar and Srivastava form an unusually sharp peak at Tϳ30 eV, unlike the shape of ionization cross sections for a large number of molecules, although their data at TϾ100 eV are in excellent agreement with the BEB cross section. 
C. Tetramethylsilane (TMS) Si(CH 3 ) 4
Two sets of experimental data are available for this molecule: by McGinnis et al. 21 from the threshold to T ϭ70 eV, and by Basner et al. 22 from the threshold to T ϭ90 eV. The BEB cross section agrees in shape with the data by 
D. GeH, GeH 2 , GeH 3 , GeH 4 , Ge 2 H 6
For GeH and GeH 3 , the UHF approximation was used to obtain molecular wave functions with an internally supplied double-zeta valence ͑DZV͒ basis set with one d polarization function. The binding energies and kinetic energies reported in Table II are the average of the quantities of the corresponding ␣ and ␤ molecular orbitals characterized by the same irreducible representation. The ground state geometry of GeH 3 was found to be C 3v rather than D 3h . The singlet C 2v state of GeH 2 was found to be the ground state with the same basis set, i.e., DZV plus one d polarization function in the RHF approximation. For GeH 4 and Ge 2 H 6 , we used the DZV basis set with three d polarization functions in the RHF approximation with the T d and D 2d point groups. As far as we are aware, our BEB total ionization cross sections are the only results available for these molecules. In view of the importance of these radicals and molecules in the chemical vapor deposition of Ge, experimental verification of our results for these molecules would be worthwhile. Our BEB total ionization cross sections are shown in Figs. 7-11.
We noted earlier 2,3 that the UHF approximation sometimes produces an unrealistically low binding energy for an unpaired valence electron. For instance, the theoretical binding energy for the 4 electron of GeH is only 4.008 eV, which is almost certainly too low. Such a low binding energy in turn generates an unrealistically large ionization cross section. Similar low theoretical binding energy was also obtained for SiH, but in this case an experimental IP was available. Since no experimental IP is known for GeH, we 
IV. CONCLUSION
For the molecules where experimental ionization cross sections are available, the BEB cross sections are in good agreement with experiments at low incident energies, T Ͻ50 eV. At higher T, however, BEB cross sections tend to be lower than the available experimental data. This discrepancy may have come from wider fluctuations in the experimental data at higher T than the general error bounds claimed by the experimenters, or some unidentified high-T events, such as multiple ionization, that have not been accounted for in the theory. For unstable molecules and radicals, when only one set of measurements is available, additional independent measurements would be desirable.
When vertical and adiabatic IP's are different by more than 1 eV, such as CH 4 and NH 3 , often as a result of the Jahn-Teller effect, we found that the use of vertical IP's significantly improved the agreement between BEB cross sections and experimental data between the threshold and the peak. 2 However, we see ͑Fig. 4͒ that this is not the case for SiH 4 , whose vertical IP is 12.7 eV, 20 while the adiabatic IP is 11.65 eV. One feature that distinguishes SiH 4 from CH 4 and NH 3 is that few parent ions, SiH 4 ϩ , are generated in the former, 15, 17 while the parent ions of the latter are not difficult to produce.
Intuitively, vertical IP's appear to be the right ones to use in electron-impact ionization because the ionization takes place faster than the time a molecule takes to rearrange its ionic configuration. Vertical IP's are also used in interpreting photoionization events. A comparison of the ionization cross 
